Although the frequency vs. temperature (f vs. t) characteristics of quarts resonators depend primarily on the angle of cut of the quartz plate with respect to the natural crystallographlc axes, processing variables such as the stresses due to the mounting clips, bonding agents, and electrodes can also have importanl effects. For thin resonator plates, in particular, it has been found that the bonding technique employed can produce large rotations in the f vs. t characteristics. Changes in the f vs. t characteristics which correspond to shifts in apparent angle of several minutes have been observed. This paper discusses
Introduction
The frequency versus temperature (f vs. T) characteristic of a quartz resonator depends primarily on the angle of cut of the resonator blank. There are, however, secondary factors introduced during the processing which can also influence this characteristic. Among these are the stresses due to mounting, bonding and the electrodes.
Young, et al., have demonstrated by an X-ray source image distortion technique the existence of process-induced strains, including "cement-strains" due to the bonding agent . The effects of such "cement strains" on resonator performance have not, however, been measured previously. This paper discusses experiments which show that the bonding technique employed can significantly change the f vs. T characteristics of AT-cut resonators.
Bonding Experiments
During the fabrication of 20 MHz resonators, a poor correlation was noted between the angle of cut, as measured by X-ray diffraction, and the apparent angle, as determined from the f vs. T characteristic. This poor correlation persisted even after the incorporation of a highly accurate laser assisted X-ray goniometer into the fabrication process. Resonators of the high shock design were found to have a f vs. T characteristic which one would normally associate with blanks whose angles of cut are higher than the measured X-ray angles. Resonators of the low shock design, however, had apparent angles which were consistently lower than the X-ray angles. Moreover, the discrepancies between apparent angles and X-ray angles increased as the thickness of the the nickel film used for bonding was increased.
These observations suggested that the poor correlations between the apparent angles and X-ray angles were related to the bonding films. The tight tolerances on the f vs. T characteristics of these TCXO crystals made a better understanding of these observations essential.
A group of resonators were fabricated as shown in To Insure that the observed shifts were due to the bonding only, and not due to the stresses exerted by the mounting dips, one clip on each of several resonators was cut and rejoined with 76 ym (3 mil) diameter gold wire. The changes In apparent angles due to this modification were found to be negligible. That the changes were due to the bonding films only was also confirmed by the fact that when the thickness of the nickel bonding films WAS Increased without changing any of the other processing parameters, the magnitude of the apparent angle shifts also Increased. (1) above, is 15.9 ppm. When the bonding orientation,^,was 11 , the measured 6F was 54 A 09 ppm, which corresponds to an apparent angle of 35° 21' 53"; i.e., the apparent angle shift was + §' 12" When this same blank was refabricated with $ ■ 85 , 6F ■ 8.25 ppm was measured. This corresponds to an apparent angle of 35 15' 12"; i.e., the apparent angle shift was -1" 29". Therefore, for the same blank reprocessed from ^ = 11 to i|; = 85 , the total shift in apparent angle was 6' 41", and the total shift in 6F was 45.8 ppm.
Several blanks were also processed with a silver conductive cement as the bonding agent. After these blanks were reprocessed so as to shift the bonding orientation from near XX' to near ZZ', shifts in apparent angles as high as 4 minutes were measured, however, a systematic study of angle shift vs. bonding orientation, was not attempted due to the difficulty of controlling the area and thickness of the cement applied.
Discussion of Results
The curve in Figure 4 explains the seemingly anomalous behavior of the two TCXO crystal designs mentioned earlier. For both designs, the blanks were mounted along ZZ'. The low shock design produced a downward shift in apparent angle, as would be expected from Figure 4 . The upward shift in angle produced by the high shock design is also explained by Figure 4 , because when the angle shifts are summed over all bonding orientations encompassed by the edge plating on the high shock design, the net angle shift is clearly upward.
The angle shifts are believed to be due to the temperature dependent stresses produced by the bonding agent. As the temperature of the resonator is changed, the stresses due to the difference in thermal expansion coefficients between the bonding agent and the quartz also change. For a given bonding procedure, the shifts in 6F due to these thermal stresses are expected to be proportional to the difference in thermal expansion coefficients, the difference in elastic constants, and to the stress sensitivity coefficient of Quartz.
The thermal expansion coefficient of quartz in the tangential and radial directions is plotted as a function of the orientation, *. in Figure 5 . Since the bonding agents are generally isotropic, it is not possible to achieve an exact match to the thermal expansion coefficient of quartz. The stress sensitivity coefficient of quartz for an isotropic stress in the active area of the resonator has been calculated by EerNisse for the rotated Y-cut family. To explain the angle shift data of Figure 4 , however, the stress sensitivity coefficient for an anisotropic stress applied in the plane of the blank near the edges would be needed as a function of orientation,^. Such information is not currently available.
Applications

Aging and Thermal Hysteresis
We have seen that the bonding agent can produce significant shifts in f vs. T characteristics. For example, as was discussed previously, when blank No. 7 of Figure 4 was bonded near the XX' orientation, the measured 6F differed from the value one would normally expect from the angle of cut by nearly 40 ppm. At the upper turning point, for example, a relaxation of the thermal stresses could produce a frequency change, i.e., aging, of over 10 ppm. Similarly, if the frequency of this resonator is measured at a given temperature, then remeasured at the same temperature after having experienced a temperature excursion, the frequency will be different if during the temperature excursion the stresses at the quartz-bonding agent interface change. Therefore, the stresses due to the bonding agent may lead to significant aging and thermal hysteresis effects.
